There is an urgent need for blood-based molecular tests to assist in the detection and diagnosis of cancers at an early stage, when curative interventions are still possible, and to predict and monitor response to treatment and disease recurrence. The rich content of proteins in blood that are impacted by tumor development and host factors provides an ideal opportunity to develop noninvasive diagnostics for cancer.
For disease investigation the profiling of blood constituents, notably serum and plasma, using protein characterization technologies holds long-standing interest because of the easy accessibility of this circulating fluid and its rich content of proteins that inform scientists about the health status of a patient. The available methodologies to analyze proteins have evolved dramatically over the past few decades. The initial method consisted of 1-dimensional protein separations, which was followed by the use of 2-dimensional polyacrylamide gel electrophoresis coupled with Edman sequencing (1, 2 ) . The advent of mass spectrometry, coupled with the sequencing of human and other genomes, has had a dramatic impact on the field of proteomics (1, 2 ) . The capabilities of current proteomics technologies in terms of coverage of the proteome and depth of analysis that can be achieved in a quantitative manner are truly astounding compared with just a decade ago (3 ) . Recent advances include substantial increases in speed, analytical sensitivity, and dynamic range, and the availability of multiple fragmentation techniques (3 ) . Equally important is orthogonal sample fractionation before mass spectrometry. Yet there remains a perception that proteomics technologies are inadequate to address the protein complexities inherent in cells, tissues, and biological fluids. Here we outline strategies for the application of proteomics to the development of blood-based cancer markers.
Limitations of Current Modalities for Cancer Detection
An important issue to consider in developing markers for cancer detection using proteomics is the status of currently available modalities. At present the detection of particular common cancers relies heavily on procedures, notably imaging, that are specific to each cancer type, such as computerized axial tomography (CT) 2 scans for lung cancer, mammograms for breast cancer, and pelvic ultrasounds for ovarian cancer. Advances in imaging technology have allowed improved detection of small lesions. These advances have also led to increases in false-positive findings, necessitating invasive procedures to make a definitive diagnosis (4, 5 ) . The recently concluded National Lung Screening Trial led to a finding of a 20% reduction in lung cancer mortality with CT screening (6 ) . However, there are substantial concerns regarding the economic burden of large-scale implementation of CT screening and the high rate of false positives (7 ) . The frequency of detecting noncalcified nodules on a single CT varies from 5% to 60% in a lung cancer-screening population, with higher rates noted with the use of thinner slice widths (8 -20 ) . Given the high probability of false-positive findings associated with CT screening, there is a substantial need for additional modalities to discriminate between benign vs malignant nodules. There are similar challenges in imaging-based screening for other malignancies and a need for complementary diagnostic tests. In contrast, once protein-based biomarkers have been developed for each of the common cancer types, the resulting combined marker panels could all be assayed with 1 aliquot of a blood or plasma sample, thus allowing screening for common cancers on a single platform such as a microchip.
The Potential of Proteomics for Uncovering Alterations in Circulating Proteins Associated with Cancer
Protein markers currently in clinical use, which include CA125 for ovarian cancer, CA19 -9 for pancreatic cancer, CEA (carcinoembryonic antigen) for colon cancer, and PSA (prostate-specific antigen) for prostate cancer, have important limitations with respect to their utility for screening. Other common cancers, notably breast and lung cancer, lack established biomarkers with demonstrated clinical utility in a screening setting. Thus, there is a need for biomarkers with prerequisite diagnostic sensitivity and specificity for detecting common cancer types. The rich content of proteins in blood and the multitude of modified forms of proteins that can inform scientists about the health status of an individual and of virtually most organs in the body provides an ideal opportunity to develop noninvasive diagnostics for cancer (Fig. 1) . However, despite a voluminous literature going back decades pertaining to protein and other types of biomarkers for common cancers, blood-based diagnostic tests applicable to cancer screening and treatment-response prediction have been quite scarce. This situation may be attributed to (a) limited availability until recently of in-depth discovery technologies and limited understanding of the molecular features of cancers to guide the development of such biomarkers; (b) limited single investigatorbased resources to accomplish objectives; (c) limited incentives for implementation of collaborative approaches to undertake the necessary studies; and (d) the lack of availability of biospecimens for discovery and validation that are highly relevant to the intended clinical application and that have been collected, processed, and stored using standard operating procedures (21 ) , which is of crucial importance to the successful application of proteomics for developing blood-based tests for cancer.
Depth and Breadth of Analysis of the Plasma Proteome with Current Technology
Innovations in MS technology and related informatics resources and increased availability of affinity capture agents that target particular proteins or protein subsets are likely to have a substantial impact on the prospects for identifying circulating cancer markers (21, 22 ) . With each round of innovations in mass spectrometry resulting in increased resolving power and dynamic range, researchers have revisited the depth of analysis Review of the plasma proteome that can be achieved. With the use of a protein fractionation approach before trypsin digestion of individual fractions and mass spectrometry, more than 1400 proteins have been identified in a plasma sample, including isoforms that differ on the basis of their chromatographic mobility (23 ) . The depth of analysis of plasma spans 7 orders of magnitude, allowing the detection of proteins with concentrations below 1 g/L (24 ) . More recently, the potential for increasing depth of analysis of the plasma proteome by using the currently available ultrahigh resolution linear ion trap Orbitrap TM Elite mass spectrometer (25 ) has been reexamined. With the current instrumentation available, some 2000 proteins have been identified with high confidence in a single plasma sample.
As an alternative to a systematic unbiased interrogation of the plasma proteome, selective approaches that target particular subsets of circulating proteins also have the potential to uncover cancer markers. A case in point is the selective targeting of glycoproteins. Glycan modifications of proteins are primarily Asn linked (N-linked glycans) or Ser or Thr linked (Olinked glycans). Glycoproteins with complex glycans are membrane bound or secreted. There is substantial evidence that cancer cells exhibit altered glycans relative to normal cells (26 ) . The potential of targeting glycoproteins to identify biomarkers was investigated by enriching N-linked glycopeptides from tissues, cells, and plasma and identifying corresponding peptide sequences and proteins by mass spectrometry (27 ) . A significant overlap was observed between glycoproteins identified in tissues and cells and glycoproteins identified in plasma, leading to the conclusion that extracellular glycoproteins originating from tissues and cells are released into the blood at concentrations that are detectable by mass spectrometry. The use of immunoaffinity depletion and multilectin chromatography integrated into an automated HPLC platform to remove high-abundance proteins followed by LC-MS analysis of protein digests has uncovered proteins with biological and disease significance for breast cancer (28 ) . MALDI mass spectrometry has been applied to glycomic profile analyses of biological fluids (29 ) . MALDI-mass spectrometry analysis of permethylated glycans in sera from breast cancer patients and diseasefree controls identified several sialylated and fucosylated N-glycan structures as potential biomarkers (29 ) . Increases in sialylation and fucosylation of glycan structures were associated with tumor progression.
Until recently, the study of glycoproteins by mass spectrometry has been based on the cleavage of glycans followed by separate analysis of glycans and deglycosylated proteins, which limits the ability to derive glycan compositions for individual glycoproteins. A methodology has been developed whereby a digital ion-trap mass spectrometer with a wide mass range is used for liquid chromatography-electrospray ionization/multistage mass spectrometry analysis of intact glycopeptides from fractionated and digested plasma (30 ) . Both peptide and oligosaccharide compositions are elucidated by analysis of the ion fragmentation patterns of glycopeptides with an intact glycopeptide analysis pipeline.
Strategies based on the use of affinity capture agents, notably antibodies immobilized on microarrays or aptamers, provide alternatives to the use of mass spectrometry for protein quantification (2, 31, 32 ) . In one study the abundance of 813 proteins in plasma was measured with a new aptamer-based proteomic technology, leading to the identification of potential biomarkers that discriminated cases from controls with 91% diagnostic sensitivity and 84% diagnostic specificity in cross-validated training and 89% diagnostic sensitivity and 83% diagnostic specificity in a separate verification set, with similar performance for early and late-stage non-small cell lung cancer (32 ) . A recombinant antibody microarray platform was used to identify serum biomarker signatures associated with pancreatic cancer. A resulting 25-serum biomarker signature discriminated pancreatic cancer patients from healthy controls and chronic pancreatitis patients with an area under the curve (AUC) of 0.88. Although affinity capture-based approaches provide an efficient method to search for biomarkers, success is dependent on the diversity of capture agents available, whereas mass spectrometry allows an unbiased approach to biomarker discovery.
Proteomic Profiling of the Humoral Immune Response to Tumor Antigens for Biomarker Discovery
The concept of testing for seropositivity to tumor antigens to determine the presence of cancer is quite appealing. This humoral response occurs early during tumor development and engenders an amplified signal detectable in the blood in the form of autoantibodies. Proteomic technologies are well suited for the identification of tumor antigens that induce autoantibodies. Available technologies target distinct repertoires of antigens and autoantibodies and thus complement each other (Table 1) . A protein microarray approach was applied to discover and validate lung cancer tumor antigens associated with autoantibodies (33) (34) (35) (36) . Blinded validation of the autoantibody panel using prediagnostic sera yielded statistically significant reactivity among cases relative to controls, thus supporting the utility of the proteomic approach and of autoantibody tests for seropositivity as a means for detecting lung cancer at the presymptomatic stage (36 ) .
Integrative Proteomic Approaches to Identify Blood-Based Cancer Markers
Given the substantial diversity of proteins released into the circulation both in health and in disease, clearly no single proteomic approach can capture the diversity and heterogeneity of proteins stemming from their chemical modifications, their cleavages, and their occurrences as complexes with other proteins and with antibodies. Therefore, efforts to fully elucidate cancer biomarkers would benefit from approaches that integrate multiple profiling technologies and biospecimen sources.
A case in point is an integrative study of lung cancer to identify plasma-based biomarkers (37, 38 ) . Indepth quantitative proteomic analysis was applied to plasmas from 3 mouse models of lung adenocarcinoma driven by mutant epidermal growth factor receptor (EGFR) or Kras or induced by urethane exposure, and a mouse model of small-cell lung cancer driven by loss of Trp53 and Rb. To further refine lung cancer-specific and broad carcinoma signatures, the lung cancer proteome profiles were intersected with those from other well-established mouse models of pancreatic, ovarian, colon, prostate, and breast cancer, as well as 2 mouse models of inflammation. A set of proteins regulated by Nkx2-1 [NK2 homeobox 1 (previously Titf1)], a master transcription factor in cells from the peripheral airways and a known lineage-survival oncogene in lung cancer, was identified in plasmas of mouse models of lung adenocarcinoma. An EGFR network of upregulated proteins was discerned in the plasma of mice with lung tumors driven by a mutant human EGFR. The concentrations of these proteins returned toward baseline upon treatment with a tyrosine kinase inhibitor. To determine the potential relevance of findings from mouse models to human lung cancer, a set of protein markers identified in lung tumor-bearing mice for which ELISA assays were available were tested in human plasma samples. ROC analysis yielded an AUC of 0.88 with the combined panel for the newly diagnosed lung cancer cases relative to controls and an AUC of 0.799 for plasmas collected before the onset of symptoms and the diagnosis of lung cancer relative to controls. Given the success of proteomics approaches used to identify autoantibodies to tumor antigens in lung cancer, the findings from mass spectrometry profiling of lung cancer plasmas were integrated with autoantibody findings obtained by using microarray technology. The autoantibody panel yielded an AUC of 0.828 for the prediagnostic set, whereas the combined autoantibody and circulating protein marker panels together yielded an AUC of 0.896. These findings provide support for the merit of integrating data from multiple proteomic profiling technologies for the identification of blood-based cancer biomarkers. If additional proteomic profiling technologies were to be integrated into such a study, for example by including glycoproteomic profiling with analysis of glycan structures on individual proteins, the prospect of developing a lung cancer marker panel with high diagnostic sensitivity and diagnostic specificity would likely be further enhanced.
Realizing the Full Potential of Proteomics for the Development of Circulating Cancer Markers
The development of clinical applications based on the use of proteomics technologies for discovery of circulating cancer markers, although highly promising, represents a substantial undertaking. There are currently no gold standards. Thus there is a need for an organized collaborative effort. Some pilot projects have been initiated that support the feasibility of engaging in largescale proteomic initiatives. The first proteome project to be conceived through the Human Proteome Organization (HUPO) was a plasma proteome project that resulted in completion of a pilot phase that had as objectives the comparison of a broad range of technology platforms for the characterization of proteins in human plasma and serum and assessment of the influence of various technical variables in sample collection, handling, and storage. Standardized samples were distributed to 18 participating laboratories, and an integrated analysis of resulting data was carried out (39 ) . An initial integration of data resulted in 3020 proteins identified with 2 or more peptides. However, the application of rigorous statistical methodology, taking into account multiple hypothesis testing, resulted in a reduced set of 889 proteins identified with high confidence (40 ) . This HUPO plasma pilot project has represented a landmark in the burgeoning field of proteomics, demonstrating the potential of a collaborative approach to yield robust and insightful data, which were made publicly available. A collaborative cancer plasma proteome project would be far reaching. The project would contribute to the broader objective of defining variation in the plasma proteome in health in relation to age, sex, diet, energy expenditure, exercise, lifestyle, and common exposures such as tobacco, which would be relevant across disease applications. Objectives that are specific to cancer ( Table 2) would consist of identifying potential markers with diagnostic specificity toward each of the common cancer types. A plasma proteome project with such a broad objective would benefit from close interactions with other related initiatives in proteomics underway at a number of NIH institutes and elsewhere.
Informatics would be an important component of the cancer plasma proteome project. Currently, however, there are few publicly available proteomics data related to cancer that can be interrogated. Databases have been developed for depositing and retrieving proteomics datasets, including PRIDE (Proteomics Identifications Database) (41 ) , PeptideAtlas (42 ) , UniPep (43 ) , the Global Proteome Machine (44 ), Proteopedia (45 ) , and Proteome Commons and its Tranche file-sharing system (https://proteomecommons.org/tranche/). The development of a plasma oncoproteome database containing detailed characteristics of samples and experimental conditions associated with the data, which are readily retrievable, would allow collective mining of the cancer plasma proteome. Such an oncoproteome database may also serve as a repository for other cancer proteomic data derived from cells, tissues, and biological fluids other than plasma.
Beyond Discovery: The Need for Validation
It should be emphasized that the strategies based on unbiased comprehensive quantitative proteomics, although suited for discovery, may not be suited for clinical implementation. Moreover, the greater the depth of analysis achieved in discovery, the more challenging it is to develop assays that are applicable in the clinic and that may be used to validate findings from unbiased comprehensive discovery studies. Given the ability to interrogate the plasma proteome down to protein concentrations well below 1 g/L, there is a need to develop assays for targeted proteins that achieve the same level of analytical sensitivity. Such analytical sensitivity may not be routinely achieved with ELISA and may require several rounds of assay optimization. The current effort to increase the depth of analysis for discovery is paralleled with an effort to develop and implement assay technologies that meet requirements for analytical sensitivity, specificity, and throughput (Table 3). Strategies include sandwich assays, multiplereaction monitoring (MRM), and nanotechnologybased methods such as magneto-nanosensors that achieve attomolar detection of protein biomarkers and 6 logs of dynamic range (46, 47 ) . It should also be noted that the greater the rigor in the design of discovery studies, the greater the likelihood that candidate biomarkers will be successfully validated, provided that both discovery and validation studies aim at the same intended clinical application of the biomarkers being sought.
Perspective
Numerous types of molecules and cell populations that occur in plasma may be potential sources of cancer biomarkers. These include mutated DNA, DNA fragments with altered methylation, microRNAs, metabolites, circulating tumor cells, and other cell popula- 3. Development of affinity capture agents for plasma proteins to be used in assays that have platforms with the prerequisite analytical sensitivity and specificity.
4. Development of proteotypic peptides applicable to proteins with cleavages and other modifications associated with cancer.
5. Development of a publicly available cancer plasma proteome database with links to experimental data.
Unleashing the Power of Proteomics
Review tions. Massively parallel DNA sequencing technologies have undergone remarkable development in recent years, resulting in an exponential increase in the number of base pairs that can be sequenced and a dramatic reduction of sequencing costs per base pair. The reduced cost has also energized major international cancer genome projects, such as the International Cancer Genome Consortium. Also, epigenomic and transcriptomic sequencing are being accomplished in parallel. Likewise, advances in global metabolomic profiling allow capture of disease-specific signatures of metabolism by measuring the intermediary and end products of intercellular pathways that are responsive to genetic and environmental influences (48 ) . Current methodologies involve mass spectrometry and high-resolution nuclear magnetic spectroscopy, which have the ability to detect hundreds of metabolites simultaneously (49 ) . Given the dynamic nature of the metabolome, there exists an opportunity for biomarker discovery. Although proteomics technologies remain largely labor-intensive and have a relatively high cost structure, the value that may be derived from proteomic data justifies the investment. Yet little consideration has been given to the implementation of proteomics at the necessary scale to derive clinical benefit. Genomic analysis requires for the most part the availability of tissue, which is usually obtained at the time of diagnosis, whereas proteomics is equally applicable to profiling biological fluids in addition to tissue profiling. Thus, a major advantage of proteomics is the possibility of profiling an individual's plasma at the prediagnostic stage to determine the impact of various exposures and detect disease at an early stage, as well as at the time of diagnosis and posttreatment to assess response to therapy and to monitor for disease regression, progression, or recurrence through noninvasive blood sampling. It may be argued that successes have been reported on the use of nucleic acid-based methods for detecting cancer or providing a means for patient follow-up through blood sampling (50, 51 ) , thus reducing the need for proteomics. However, most such demonstrations have been based on analysis of advanced-stage disease (35, 36 ) , and the utility of nucleic acid-based approaches for early detection remains to be determined. At the least, there is a need for side-by-side comparison of the merits of proteomics relative to other approaches based on blood sampling for risk assessment, early detection, and disease classification and monitoring, and for determining how these approaches may complement each other. Thus, there is a need to integrate various multiomic data to provide a better context for developing and evaluating blood biomarkers. 
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